Abstract Purpose: Our main goal was to evaluate a panel of molecular markers for the detection of cancer cells in serous effusions and to determine their value as an adjunctive reverse transcription-PCR (RT-PCR) test to cytologic examination. Experimental Design: One hundred fourteen serous effusions from 71patients with tumors and 43 patients with benign diseases were subjected to RT-PCR for expression of carcinoembryonic antigen (CEA), epithelial cell adhesion molecule (Ep-CAM), E-cadherin, mammaglobin, mucin 1 (MUC1) isoforms MUC1/REP, MUC1/Y, and MUC1/Z, calretinin, and Wilms' tumor 1susceptibility gene. Results: CEA, Ep-CAM, E-cadherin, and mammaglobin were specifically expressed in malignant effusions. The sensitivity of RT-PCR in cytologically negative malignant effusions was 63.1% combining CEA and Ep-CAM (with 100% specificity) and reached 78.9% adding MUC1/Y or MUC1/Z (with 93% specificity). In the whole population of effusions, the combination of cytology with RT-PCR of CEA and Ep-CAM yielded a 90.1% sensitivity, a specificity and a positive predictive value of 100%, and a 86% negative predictive value for malignancy. Adding MUC1/Y or MUC1/Z to the panel, the sensitivity was 94.5% with 93% specificity, 95.7% PPV, and 90.9% negative predictive value. Moreover, CEA and mammaglobin were specifically expressed in epithelial malignancies, and mammaglobin was mainly expressed in effusions from breast carcinoma (97.3% of specificity). Conclusions: A combination of cytology and RT-PCR analysis of CEA and Ep-CAM significantly improved the detection sensitivity of tumor cells in serous effusions. RT-PCR analysis of CEA, Ep-CAM, and mammaglobin in serous effusions could be a beneficial adjunct to cytology for the diagnosis of malignancy.
Serous effusions are commonly found in patients with cancer and they sometimes reveal the malignancy (1) . As the diagnosis of the effusion acts directly on the prognosis and the treatment of the disease (the presence of tumor cells in effusions point out a poor prognosis and often implies an aggressive treatment, such as chemotherapy), it is clearly important to detect any cancer cells in the fluid with the greatest specificity and sensitivity. However, the search for cancer cells in serous effusions using classic cytologic technique is often difficult either because of their scarceness or because of their delicate distinction with reactive mesothelial or inflammatory cells (2) . Then, when cancer cells are found in the fluid, the second question is to know if they are local or metastatic cancer cells, and if they are metastatic, from which organ? Cytology, which is the gold standard method for the diagnosis of serous effusion, has some difficulties to distinguish mesothelioma cells from carcinoma cells (2) . Thus, many additional methods have been evaluated (3, 4) to improve the diagnostic accuracy to avoid invasive diagnostic techniques, such as thoracoscopy.
Recently, PCR techniques have been largely evaluated for the detection of cancer cells in blood, bone, and lymph nodes and they have proven to be more sensitive than conventional techniques (5, 6) . However, PCR was less intensively used in serous effusions, although it provides an excellent material for molecular analysis. The few studies that have used PCR techniques for the detection of cancer cells in serous effusions have concluded it to be a beneficial adjunct to conventional techniques because they generally increase the detection sensitivity of tumor cells (7 -11) . However, the validated markers are very limited, which hinders clinical application.
The aims of our study were (a) to evaluate a panel of molecular markers for the detection of cancer cells in serous effusions, (b) to determine the value of the markers as an adjunctive reverse transcription-PCR (RT-PCR) test to cytologic examination, (c) and to assess their usefulness as differential diagnostic markers between epithelial and nonepithelial malignant effusions.
The markers have been chosen based on their published interest for tumor cell detection in serous effusions: mucin 1 (MUC1; designed as MUC1/REP; ref. 9 ), E-cadherin (CDH1; ref. 12), epithelial cell adhesion molecule (Ep-CAM or TACSTD1; refs. 10, 13), and carcinoembryonic antigen (CEA or CEACAM5; ref. 14). We also studied the expression of the two isoforms of MUC1, MUC1/Y and MUC1/Z, because they have been found to be preferentially expressed in epithelial tumors compared with MUC1/REP (15) . Wilms' tumor 1 susceptibility gene (WT1; ref. 16 ) and calretinin (CALB2; refs. 12, 17), two markers of mesothelial cells, were tested to distinguish mesothelioma from carcinoma effusions. Mammaglobin (MGB1 or SCGB2A2) was used to specifically detect breast cancer cells because it was proven to be a mammaryspecific marker (18) . To our knowledge, CEA, CDH1, MUC1/Y, MUC1/Z, WT1, and CALB2 were never used to detect tumor cells in serous effusions by RT-PCR.
Patients and Methods
Patients. Serous effusions from 114 patients (104 pleural and 10 ascitic fluids) were prospectively collected from the Departments of Pneumology, Cardiology, and Cancerology of the University Hospital Center of Saint Etienne and Department of Pneumology of the University Hospital Center of Lyon, France. All effusions had a reliable diagnosis documented by cytologic analysis, histologic analysis of pleural biopsy when it was done, and the review of clinical history and follow-up of the patients without histologic analysis or with conflicting results between cytology and histology. Effusions from 43 patients with nonmalignant disease caused by infection or cardiac failure served as controls (4 patients had an history of cancer but with a proven benign effusion). Among the 71 malignant effusions, 19 were cytologically negative. The cancer primary sites of the 71 patients with malignant serous effusions are detailed in Table 1 . This study was approved by the institutional ethics committee.
Preparation of cells from serous effusions. Each fluid sample was centrifuged in 50 mL tubes at 300 Â g for 10 minutes at room temperature. Then, pellets were pooled together, washed once, and resuspended in RPMI 1640 with 10% FCS. Fractions of 900 AL were distributed in 1.5 mL cryotubes containing 100 AL DMSO and stored in liquid nitrogen until use. When needed, aliquots were thawed in a 37jC water bath and then washed once with Ca 2+ /Mg 2+ -free NaCl solution (0.01 mol/L), and a cell count was done.
RNA extraction. Total RNA was purified using the RNABle extraction solution (Eurobio, Les Ulis, France) following the manufacturer's instructions using 0.2 mL RNABle per 10 6 cells. Briefly, cell pellets were homogenized with the RNABle solution (containing guanidium isothiocyanate and phenol); then, total RNA was extracted by adding 0.1 volume of chloroform and precipitated using 1 volume of isopropanol. Then, it was washed twice in 75% ethanol and resuspended in RNase-free water. Total RNA was quantified spectrophotometrically at A 260 nm .
Reverse transcription-PCR. Reverse transcription was done with the SuperScript First-Strand Synthesis System for RT-PCR (Invitrogen, Paisley, United Kingdom) using 0.5 Ag total RNA and following the manufacturer's instructions.
PCR was done in 50 AL reaction mixture containing 1 AL cDNA, 5 AL of 10Â PCR buffer (Invitrogen), 1 AL of 10 mmol/L deoxynucleotide triphosphate mix (Invitrogen), 1.5 AL of 50 mmol/L MgCl 2 , 100 ng of both sense and antisense primers (Table 2) , and 1.25 units Taq polymerase (Invitrogen). Primers for h-actin were also used to check RNA integrity and the efficiency of the reverse transcription step. The sequences of the primers were designed to span splice junctions or in two different exons so that genomic DNA contamination could be monitored. Positive (MCF7 cell line) and negative controls (PCR mix without cDNA) were included in each round of PCR. The primer sequences, their gene localization, and their annealing temperatures are listed in Table 2 . After a denaturing step at 94jC for 3 minutes, PCR was done at 94jC for 1 minute, at the 
*MUC1/Yand MUC1/Z were always coexpressed.
cSignificantly more expressed in malignant effusions (P < 0.0001).
bSignificantly more expressed in carcinomas (P = 0.018).
xSignificantly more expressed in mesothelioma (P = 0.018).
kSignificantly more expressed in breast carcinomas (P < 0.0001).
{Including nine adenocarcinoma and three small cell lung carcinoma. **Nasopharyngeal (n = 2), stomach (n = 2), pancreas (n = 2), kidney (n = 2), uterus (n = 1), colon (n = 1), rectum (n = 1), bladder (n = 1), and prostate (n = 1). annealing temperature for 1 minute, and at 72jC for 1 minute for 30 cycles. PCR products were separated by electrophoresis on a 1.3% agarose gel. DNA fragments were visualized and photographed under UV light with ethidium bromide staining.
Molecular Markers for Cancer Cells in Serous Effusions
Statistical analysis. Marker expression between the different populations was compared using the m 2 test or the Fisher exact test when theoretical effective was insufficient. The level of statistical significance was set at P < 0.05. Diagnostic performance of each marker, alone or together, was assessed by computing sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV).
Results
Evaluation of marker expressions in the whole population of serous effusions. WT1 and MUC1/REP were highly expressed in benign effusions (39.5% and 62.8%, respectively). Even if MUC1/REP was significantly more expressed in malignant than in benign serous effusions (P = 0.001), this two markers presented a too low specificity to supply a reliable analysis of the samples. Moreover, we did not see any correlation between tumor grades and marker expression in breast and pulmonary effusions (data not shown).
Results of marker expressions in the whole population of effusions are detailed in Table 1 . MUC1/Y and MUC1/Z were always coexpressed and thus are considered as a unique marker, MUC1/YZ. CALB2 and MUC1/YZ were positive in 2.3% and 7% of benign effusions, respectively. Nevertheless, MUC1/YZ was significantly more expressed in malignant than in benign effusions (P < 0.0001). CEA, Ep-CAM, CDH1, and MGB1 were specifically expressed in malignant effusions.
The sensitivity, specificity, PPV, and NPV of cytology and of the molecular markers, alone or in combination, are presented in Table 3 . Only the two marker combinations supplying the higher diagnostic information, in terms of sensitivity and specificity, were included in Table 3 . Taken together, CEA, Ep-CAM, CDH1, and MGB1 yielded a positive result in 76% of the malignant effusions with 100% specificity. When they were combined to MUC1/YZ, we could reach a sensitivity of 81.7% for malignancy but with a slightly lower specificity (93%).
Finally, as expected, MGB1 was significantly more expressed in effusions from breast cancer patients than from other carcinoma (P < 0.0001): 71.4% of breast effusions were positive for MGB1, whereas only one effusion from an ovarian carcinoma was positive (Table 1) . Thus, MGB1 presents a very good specificity (97.3%) for breast carcinoma effusions.
Marker expressions in the cytologically negative malignant effusions. Nineteen serous effusions, negative for tumor cell by cytologic examination, were diagnosed as malignant by histologic analysis of pleural biopsy and patient clinical data. Results of RT-PCR analysis are detailed in Table 4 . Briefly, four samples were negative for all the markers (patients 6, 12, 15, and 16) and three were positive only with MUC1/YZ (patients 9, 17, and 18). Considering the malignant-specific markers, 12 samples were positive with at least one marker, and two molecular markers (CEA and Ep-CAM) were necessary and sufficient for the detection of tumor cells in these effusions. Moreover, among the three breast carcinoma effusions, two were positive for MGB1, which is of great interest to detect the tumor primary site without invasive diagnostic investigations.
Combination of cytology and reverse transcription-PCR. The combination of cytology and RT-PCR of CEA + Ep-CAM in the whole population of effusions allowed to confirm the tumoral diagnosis in 90.1% of malignant effusions (52 malignant effusions were positive with cytology and 12 more were positive with RT-PCR) with 100% specificity, 100% PPV, and 86% NPV (Table 3) , whereas the combination of cytology and RT-PCR Table 3 ). The sensitivities of this two last combined test are significantly more elevated than that of cytology alone (P < 0.0001 each, Mac Nemar m 2 test). Markers that could help to distinguish epithelial from nonepithelial malignant effusions. Then, we wanted to know which molecular markers would undoubtedly help to distinguish between epithelial and nonepithelial cancer cell in effusions. Only two markers, CEA and MGB1, were exclusively expressed in carcinoma effusions (Table 1) . Surprisingly, Ep-CAM was positive in 45% of nonepithelial malignant effusions but was significantly more expressed in carcinoma effusions than in nonepithelial malignant ones (P = 0.018).
Considering the malignant effusions that were positive for tumor cells with the combination of cytology and CEA + Ep-CAM RT-PCR (64 effusion specimens), 48 had an epithelial origin and 16 a nonepithelial origin. In this population, the sensitivity, specificity, PPV, and NPV of CEA for carcinoma cells are 58.3% (28 of 48), 100% (16 of 16), 100% (28 of 28), and 44.4% (16 of 36), respectively. Combined with MGB1, the sensitivity reached 68.7% (33 of 48) and the NPV was 51.6% (16 of 31). Thus, CEA and MGB1 are very interesting molecular markers to determine the epithelial origin of tumor cells in serous effusions.
Moreover, CALB2 was significantly more expressed in mesothelioma than in carcinoma effusions (P = 0.018). Among the four carcinoma effusions that were positive for CALB2, three were also positive for CEA, thus excluding the possibility of a mesothelioma. Among the five CALB2-positive mesothelioma, three were suspected to be carcinoma by cytology and were diagnosed as mesothelioma by histology.
Discussion
We aimed to evaluate an ancillary method that could improve the yield of cytologic analysis for cancer diagnosis in serous effusions. Thus, we focused our study on a rapid, easy, inexpensive, and sensitive technique that could be done in most analysis laboratories. Basic RT-PCR strategy seemed to be the best compromise between immunocytologic techniques that often lacks sensitivity and flexibility in the markers choice and more elaborated RT-PCR techniques, such as realtime quantitative RT-PCR that are more expensive and difficult to set.
As a first step, we evaluated the expression of the markers in the whole population of effusions to determine their interest for the detection of malignancy. Even if these markers have been studied at the mRNA level, one could expect them to be functional at the protein level according to the numerous publications that have studied them by immunocytochemistry or flow cytometry in serous effusions (12 -14, 16, 19) . We found two markers highly expressed (WT1 and MUC1/REP) and two other markers rarely expressed (CALB2 and MUC1/YZ) in benign effusions. WT1 and CALB2 are markers of mesothelial lineage, and as normal desquamated mesothelial cells can be present in any kind of effusion, they are of limited value, as molecular markers, for the distinction of mesothelioma effusions from other malignant or benign effusions. However, CALB2 was significantly more expressed in mesothelioma than in carcinoma effusions. Thus, CALB2 might help to orient a diagnosis in favor of a mesothelioma only when the tumoral nature of the effusion is ascertained and if it is used in combination with confirmed epithelial markers to exclude a maximum of false-positive results. In some immunocytochemical studies, CALB2 was positive in most of benign effusions (94-100%; refs. 12, 20) . It is difficult to compare these results with ours, because the expression of CALB2 was detected at two different levels (protein or mRNA). The mRNA of CALB2 might be an unstable mRNA, but it is also a possibility that the polyclonal antibodies used in those studies produced nonspecific reactions. Moreover, in another immunocytochemical study using a different polyclonal anti-CALB2, only 27% of the benign effusions were stained (21) . MUC1/ REP, which is the full-length isoform of MUC1 (22) , has been described to be expressed in nearly all normal and malignant epithelial cells (23) but also in normal and malignant hematopoietic cells (24, 25) . This is probably why we found it expressed in benign serous effusions. Although MUC1/REP was significantly more expressed in malignant effusions, which is in agreement with Yu et al. (9), we think that it was too frequently expressed in benign samples to be a reliable molecular marker for malignancy. Thus far, the expression of alternatively spliced forms of MUC1 has been poorly studied. MUC1/Y and MUC1/Z have been detected in primary breast Table 3 . Sensitivity, specificity, PPV, and NPV of cytology and of the molecular markers in the whole population (composed of 71malignant and 43 benign effusions) of effusions tumors by Western blot analysis (15, 26) and in ovarian cancer tissue by RT-PCR (27) . Moreover, MUC1/Y has been detected by flow cytometry on the surface of ovary and breast malignant cells in effusions (19) . We showed here that MUC1/Y and MUC1/Z were mostly expressed in malignant effusions of epithelial and nonepithelial origin and poorly expressed in benign effusions. They presented a very good specificity for malignancy (93%), and they were expressed alone in some malignant effusions, contributing to enhance the sensitivity of the RT-PCR combined test. Thus, they could be interesting molecular markers to add in some panels of markers to enhance the detection sensitivity of tumor cells, keeping in mind that they are not totally discriminant.
The other markers (CEA, Ep-CAM, CDH1, and MGB1) were specifically expressed in malignant effusions, therefore being very good candidates for molecular detection of malignancy in serous effusions. CEA was often used in immunohistochemical studies to distinguish carcinoma cells from reactive mesothelial or mesothelioma cells (14, 28) . However, it was never used as a RT-PCR marker in serous effusions. In this study, we showed that CEA was not only specifically expressed in malignant effusions but was also restricted to the epithelial malignancies. This makes it an exceptional molecular marker to distinguish epithelial from nonepithelial malignant serous effusions. Ep-CAM is generally admitted as an epithelial marker expressed on the surface of most carcinomas and it was often used by immunocytochemistry to distinguish carcinoma from mesothelioma or reactive mesothelial cells in serous effusions (13, 29, 30) . Using real-time RT-PCR, Nagel et al. found it weakly expressed in cultured mesothelial cells isolated from ascites of patients with benign disease (10) . In our study, it was not expressed in benign serous effusions. This could be because conventional RT-PCR is less sensitive than real-time RT-PCR but also because their mesothelial cells were cultivated with FCS, which contained numerous cytokines susceptible to stimulate Ep-CAM expression as tumor necrosis factor-a (31).
Moreover, Ep-CAM was expressed in most carcinomas (74.5%) and mesothelioma effusions (57.1%). Indeed, some reports described infrequent and weak expression of Ep-CAM in mesothelioma by immunocytochemistry (13, 29, 32) . Thus, although it was significantly more expressed in carcinoma than in nonepithelial malignant effusions, we rather consider it as a tumor than a carcinoma marker in serous effusions. Therefore, if Ep-CAM seems to be of limited interest to distinguish carcinoma from mesothelioma effusions, it is a valuable molecular marker for the detection of tumor cells in serous effusions. CDH1, an epithelial-specific adhesion molecule, has been proven to reliably distinguish carcinoma cells from benign reactive mesothelial cells, but not from mesothelioma cells, in serous effusions by immunocytology (12, 20, 33) . We also found that CDH1 was specifically expressed in malignant epithelial and nonepithelial serous effusions, but it was not very sensitive. It was expressed alone in none of the cytologically negative malignant effusions and in only one cytologically positive malignant effusion. That is why its usefulness in a panel of molecular markers is relative. MGB1 was reported previously as a specific marker of breast carcinoma cells (18) . However, using nested RT-PCR, Grü newald et al. (34) recently found MGB1 expression in endometrial and ovarian carcinoma effusions as well as in stomach and lung effusions in another study (11) . In this last study, they also found MGB1 expression in 12.9% of their control effusions. We only found MGB1 expression in breast and in one effusion from an ovarian carcinoma, and all our control effusions were negative. We think that the highest sensitivity of nested RT-PCR could explain the differences between our respective studies. With 97.3% of specificity for breast carcinoma effusions, MGB1 is therefore a marker of choice in the search of primary site in carcinoma effusions of unknown origin.
Then, after the determination of the most efficient markers for the detection of tumor cells in serous effusions, we evaluated their interest as an adjunctive RT-PCR test to cytology. Therefore, we studied their expression in a subgroup of cytologically negative malignant effusions. We found that there were two pertinent marker combinations: CEA + Ep-CAM + MUC1/YZ combination yielding the highest sensitivity (78.9%) with a very good specificity (93%) and CEA + Ep-CAM combination yielding the highest specificity (100%) with a good sensitivity (63.1%). The two marker combinations are interesting. However, our standpoint is that specificity is more important than sensitivity for a diagnosis of malignancy that has to be sure. Moreover, such molecular biology techniques have to be reliable to avoid invasive diagnostic techniques. Thus, the combination of CEA and Ep-CAM as an ancillary RT-PCR test in cytologically negative and suspicious serous effusions seems to us the best choice. Moreover, we would also complete this test with MGB1 because it can predict a breast or, less frequently, an ovarian origin of the effusion.
Then, we showed that the combination of cytology and CEA + Ep-CAM RT-PCR test improved the diagnosis accuracy, yielding 90.1% sensitivity, 100% specificity, 100% PPV, and 86% NPV for malignancy. These results are much better than the 81.1% sensitivity and 70.1% specificity obtained by Fiegl et al. (11) combining cytology, fluorescence in situ hybridization for aneuploidy, and nested RT-PCR of MGB1 and MGB1-B. Moreover, it seems that basic RT-PCR strategy allowed to abrogate most of markers' ectopic expression staying enough sensitive to be clinically useful to complement cytologic examination. Adding RT-PCR to clinical practice for the diagnosis of serous effusions would represent a nonexcessive extra workload in terms of time, cost, and manpower compared with the benefits that it would bring to the patients.
Finally, we also showed that CEA and MGB1 were specifically expressed in epithelial malignancies and that, among the 64 effusions detected as malignant with the combined test of cytology and CEA + Ep-CAM RT-PCR, they allowed to determine the epithelial origin of 68.7% of carcinoma effusions with 100% specificity.
In conclusion, this study showed that CEA and MGB1 are very reliable molecular markers for the detection of carcinoma cells in serous effusions and that a RT-PCR test of CEA, Ep-CAM, and MGB1 could be a helpful adjunct to cytologic examination for the diagnosis of malignancy and the orientation of the tumor origin.
